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neutron scattering utilizing a contrast variation technique. Comparisons with the canonical H2A nucleosome structure revealed
that the DNA termini of the H2A.B nucleosome are detached from the histone core surface, and flexibly expanded toward the
solvent. In contrast, the histone tails are compacted in H2A.B nucleosomes compared to those in canonical H2A nucleosomes,
suggesting that they bind to the surface of the histone core and/or DNA. Therefore, the histone tail dynamics may function to
regulate the flexibility of the DNA termini in the nucleosomes.INTRODUCTIONIn eukaryotes, genomic DNA is accommodated in the
nucleus in a highly compacted state, called chromatin.
The nucleosome is the fundamental unit of chromatin, and
its protein components are histones H2A, H2B, H3, and
H4. In the nucleosome, two of each of these four histones
form an octamer that becomes the histone core, and ~150
basepairs of DNA are wrapped around this core (1).
In living cells, nucleosomes are generally stable struc-
tures, but they must have dynamic properties to allow
DNA functions such as transcription, recombination, repair,
and replication (2–5). Nonallelic histone variants of H2A,
H2B, and H3 are present in many organisms, and are consid-
ered to have specific structural and physical properties in
nucleosomes. In fact, some histone variants reportedly
exhibit distinct dynamic behaviors. For the histone H3
variants, human H3T (H3.4) forms the H3T nucleosome,
which is structurally similar to the canonical nucleosome
but extremely unstable (6). Consistent with this instability,
the H3T nucleosome is quite labile in human cells (6). In
nucleosomes formed by another H3 variant, human
CENP-A (also called CenH3), the DNA segments around
the entry and exit sites are detached from the histone core
(7). Similar to the CENP-A nucleosome, the nucleosome
containing a histone H2A variant, human H2A.B (formerly
H2A.Bbd (Barr-body deficient)), also forms an unusual
structure with flexible DNA segments (8–10).
For histone H2A, four classes of human variants, H2A.X,
H2A.Z, macroH2A, and H2A.B, have been reported
(11,12). Among the H2A variants, H2A.B is the most
distant, sharing only ~50% amino acid identity with the
canonical H2A (13,14). In human cells, H2A.B is highly
mobile (15) and accumulates on the coding regions ofSubmitted December 4, 2013, and accepted for publication April 1, 2014.
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0006-3495/14/05/2206/8 $2.00actively transcribed genes, as revealed by chromatin
immunoprecipitation coupled with genomic or sequencing
analyses (16,17). In living cells, H2A.B transiently accumu-
lates at sites of DNA replication and repair (10). These facts
suggest that H2A.B may rapidly form a transient nucleo-
some as an intermediate, when chromatin is reorganized
after DNA replication, repair, and transcription. In this
article, we refer to the nucleosome containing H2A.B
histones as H2A.B nucleosome and to that containing
H2A histones as canonical H2A nucleosome.
Previous AFM and cryo-EM analyses revealed that in the
H2A.B nucleosome, the DNA segments around the entry
and exit sites of the nucleosome are flexibly detached
from the histone core surface (9). Consistent with this
finding, small angle x-ray scattering and dynamic light
scattering analyses have revealed that the DNA segments
are detached at the entry and exit sites of the H2A.B
nucleosome, as compared to the corresponding sites of the
canonical nucleosome (10). This H2A.B-nucleosome-
specific DNA structure may be due to the unique histone
core structure in the H2A.B nucleosome. However, because
of crystallization difficulties, no structural study of the his-
tone core of the H2A.B nucleosome has been reported.
In this study, we analyzed the structure of the histone core
containing H2A.B in the nucleosome by small-angle neutron
scattering (SANS) analysis with the contrast variation
method, which allows an assessment of the histone core
structure in the nucleosome. We found that the histone core
structure containingH2A.B is clearly different from that con-
taining canonicalH2A. The histone core containingH2A.B is
more compacted compared to the canonical histone core.MATERIALS AND METHODS
Small-angle scattering (SAS) provides structural information about biolog-
ical molecules, such as proteins, nucleic acids, lipids, and their complexes,http://dx.doi.org/10.1016/j.bpj.2014.04.007
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trons. Small-angle x-ray scattering (SAXS) is a suitable method for
analyzing the overall structures of biological molecules, which is accom-
plished by utilizing an intensive x-ray beam from a synchrotron light source
(18). Another SAS method, SANS, provides almost the same structural
information as that obtained by SAXS (19–21). In addition, SANS makes
it possible to analyze a partial structure in a biological complex by utilizing
the isotope effects on the neutron scattering length, which differs remark-
ably between hydrogen (3.739 fm) and deuterium (þ6.671 fm).
The key technique, referred to as the contrast variation method, or CV-
SANS, is designed to optimally control the scattering-length density
(SLD, defined as the scattering length per volume) of the solvent (water)
by mixing D2O and H2O at the proper ratio (22): the SLD of water solvent
can range from 0.056 fm/A˚3 (0% D2O ¼ H2O) to 0.636 fm/A˚3 (100%
D2O), which covers the SLD values of most biological molecules, including
proteins (~0.22 fm/A˚3), nucleic acids (~0.39 fm/A˚3), lipids (~0.05 fm/A˚3),
and so on. The scattering intensity is proportional to the square of the scat-
tering contrast, Dr, defined as Dr h rsolute  rsolvent, where rsolute and
rsolvent are the solute and solvent SLDs, respectively. Therefore, by match-
ing the SLD of the water solvent to the average SLD of the domain in the
biological complex, the scattering from the domain almost disappears. The
solvent condition with an SLD matching the average SLD of the target
molecule (domain) is called the matching point for the molecule. Thus,
the structure of the unmatched domain in the biological complex can be
selectively observed by the CV-SANS method.
When utilizing the CV-SANS method, a difference inevitably will exist
between the SLDs in the observed domain and the erased one; otherwise,
the difference must be made artificially, such as by selective domain deuter-
ation (23–27). As shown in Fig. 1, there is a large difference between the
SLDs of DNA and protein, which are matched to those of 65% D2O (the
matching point for DNA) and 40% D2O (the matching point for histone).
This means that we can selectively observe the histones of a nucleosome
in a 65% D2O solution and the DNA in a 40% D2O solution.Sample preparation
The nucleosomes prepared from living cells, which were widely used in
previous works (28–30), include histones with posttranslational modula-
tion, histone variants, and DNAs with different lengths. Therefore, as
described in this section, we established the expression system with
Escherichia coli, and reconstituted the nucleosome using homogeneousFIGURE 1 Schematic drawing of the SLD map. The height of the bar
indicates the average SLD of each biological molecule, and the blue line
denotes the SLD values of water with various D2O concentrations. The
scattering contrast, Dr, is defined as Dr h rsolute  rsolvent, where rsolute
and rsolvent are the SLDs of solute and solvent, respectively, and the square
of the scattering contrast is proportional to the scattering intensity. To see
this figure in color, go online.DNAwith the same length and sequence. As a result, in contrast to previous
works, we can use monodispersed nucleosomes with very high purity and
discuss the nucleosome structure without any noise from the inhomogeneity
in the samples.
Human histones H2A, H2A.B, H2B, H3.1, and H4 were expressed in
Escherichia coli cells as the N-terminally His6-tagged recombinant proteins
and were purified by the method previously described (10,31). The H2A-
H2B, H2A.B-H2B, and H3.1-H4 complexes were reconstituted according
to the previously published method (6). The plasmid DNA containing the
145 basepair Widom 601 DNA was amplified in E. coli cells, and the 145
basepair DNA fragment was prepared according to methods previously
described (32,33). The canonical H2A and H2A.B nucleosomes were re-
constituted by the salt dialysis method (10). The 145 basepair 601 DNA
(24–25 mg), either H2A-H2B or H2A.B-H2B, and H3-H4 were mixed in
a 1:3:3 or 1:3:3.5 ratio (0.65 mg DNA/mL), and the sample was dialyzed
against 10 mM Tris-HCl (pH 7.5) buffer containing 2 M KCl. The KCl con-
centration was reduced gradually to 250 mM. The samples were incubated
at 55C for 2 h to eliminate nonspecific histone-DNA binding, and the re-
sulting nucleosomes were purified by nondenaturing polyacrylamide gel
electrophoresis (native PAGE) with a Prep Cell apparatus, model 491
(Bio-Rad, Hercules, CA). The purified nucleosomes were concentrated
using an Amicon Ultra 30K filter (Merck Millipore, Billerica, MA) to at
least 10 mg/mL. The purity of the nucleosomes was analyzed by native
PAGE and SDS-PAGE (Fig. 2). The nucleosomes were dialyzed against
0%, 40%, 65%, or 100% D2O buffer containing 20 mM Tris-HCl (pH
7.5), 50 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol. This dialysis
step was repeated twice with the same dialysis buffer. The nucleosomes
were diluted to 5 mg/mL with each dialysis buffer used in the second
dialysis step. The 70% D2O samples were prepared by mixing the 65%FIGURE 2 Reconstituted H2A and H2A.B nucleosomes. (A) Purified
canonical H2A and H2A.B nucleosomes were analyzed by nondenaturing
6% PAGE, and the nucleosomal DNA was visualized by ethidium
bromide staining after electrophoresis. (B) Histone components of purified
canonical H2A nucleosome and H2A.B nucleosome were analyzed by 20%
SDS-PAGE with Coomassie Brilliant Blue staining. Molecular mass
markers indicate 116 kDa, 66.2 kDa, 45.0 kDa, 35.0 kDa, 25.0 kDa, 18.4
kDa, and 14.4 kDa.
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2208 Sugiyama et al.D2O sample and the 100% D2O sample in a 6:1 ratio, and the buffer was
prepared in the same manner.
It is well known that the electrostatic interaction between the nucleo-
somes induces particle interference (34), which attenuates the intensity in
the lower q-range. It has been reported that the electrostatic interaction is
almost screened by adding salt, such as 50 mM NaCl (34), and we also
added 50 mM NaCl to our sample solutions. Before the CV-SANS experi-
ments, we confirmed by SAXS that no particle interference was apparent in
the scattering profiles of the samples.SANS measurements
The CV-SANS experiment was performed with a SANS2d spectrometer,
which is a time-of-flight SANS spectrometer dedicated to the short-pulse
neutron source at target station 2 of ISIS (the neutron scattering facility)
in the Rutherford Appleton Laboratory (Didcot, United Kingdom) (35).
The total q-range covered in the experiment was 0.008–0.703 A˚1, using
wide-wavelength-range neutrons of 1.75–16.5 A˚, by time of flight. The
4 m incident pinhole collimation had a 30 mm  20 mm rectangular first
aperture, and a 15 mm diameter beam at the sample. The 980 mm square
detector was centered on the beam, at 4 m from the sample. The measured
contrast points for both nucleosomes were 0%, 40%, 65%, 70%, and 100%
D2O, for which the measuring times (and sample thicknesses) were 2 h
(1 mm), 4 h (1 mm), 6 h (2 mm), 5 h (2 mm), and 2 h (2 mm), respectively.
The sample temperature was kept at 20C during the exposure. Raw data
were corrected for wavelength-dependent transmissions measured by a
beam-stop mounted detector, the incident spectrum, and the detector
efficiencies. After subtraction of the buffer scattering, the intensities were
placed on an absolute scale for reference to scattering from a partially
deuterated polystyrene standard. After the experiments, we confirmed
that none of the samples was denatured by native PAGE.RESULTS AND DISCUSSION
SANS profiles
Fig. 3 shows the SANS profiles of the canonical H2A and
H2A.B nucleosomes at five contrast points (0%, 40%,
65%, 70%, and 100% D2O). First, we derived the zero-angle
scattering intensity, I(0), and the gyration radius, Rg, using
the Guinier formula (36),1.010.0
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FIGURE 3 SANS profiles of the canonical H2A nucleosome (A) and the H2
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where 0.008 A˚1 < q < 0.03 A˚1. The obtained I(0) and Rg
are listed in Table 1 and the Guinier plots and fitting are
shown in Fig. S1 in Supporting Material.Zero-angle scattering intensity
Let us begin by considering the zero-angle scattering
intensity. Fig. 4 A shows the square root of the zero-angle
scattering intensity, I(0)1/2, as a function of the D2O
concentration in the solvent. Here, I(0)1/2 is directly propor-
tional to the average scattering contrast, Dr ¼ <Dr>, as
follows,
Ið0Þ1=2 ¼
ﬃﬃﬃﬃ
N
p
VDr; (2)
¼
ﬃﬃﬃﬃ
N
p
Vðrsolute  rsolventÞ; (3)where N, V, rsolute, and rsolvent are the number density, the
volume, and the average SLDs of the solute and the sol-
vent, respectively. In a CV-SANS experiment, the D2O
concentration (x% volume) is an experimental variable,
and thus, the SLD of the water solvent, rsolvent(x), is
expressed as rsolvent(x) ¼ k1  (x/100) þ k2, where k1
and k2 are 0.692 fm/A˚
3 and 0.0559 fm/A˚3, respectively.
Therefore, I(0)1/2 can be rewritten as a function of the
D2O concentration, x:
Ið0Þ1=2 ¼ k1
ﬃﬃﬃﬃ
N
p
Vðx=100Þ þ
ﬃﬃﬃﬃ
N
p
Vðrsolute  k2Þ: (4)
As shown in Fig. 4 A, the observed zero-angle scattering
intensities were well reproduced with Eq. 4: the straight
lines indicate the results of the least-squares fitting with1.010.0
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TABLE 1 Zero-angle scattering intensities and gyration radii of canonical H2A and H2A.B nucleosomes
D2O
ratio 0% 40% 65% 70% 100%
Rg (A˚) I(0) (cm
1) Rg (A˚) I(0) (cm
1) Rg (A˚) I(0) (cm
1) Rg (A˚) I(0) (cm
1) Rg (A˚) I(0) (cm
1)
H2A 41.75 0.7 0.6315 0.007 42.85 6.4 0.0275 0.003 32.95 1.2 0.0545 0.001 37.15 1.5 0.0935 0.002 39.85 0.2 0.6295 0.002
H2A.B 44.35 0.7 0.5495 0.006 48.45 5.2 0.0365 0.003 31.15 1.8 0.0425 0.001 39.65 1.3 0.0825 0.002 42.25 0.1 0.5405 0.001
Distinct Structural Features of H2A.B Nucleosomes 2209Eq. 4. From the x intercepts and slopes of the straight
lines, we derived the matching points and the volumes
of the canonical H2A and H2A.B nucleosomes; here,
N ¼ c  NA/Mw, where c, Mw, and NA are the con-
centration of nucleosomes in wt % units, the molecular
weight, and Avogadro’s number, respectively. On the other
hand, we also calculated the matching points and the vol-
umes of the two nucleosomes, based on their amino acid
compositions and their volumes in an aqueous solution
(37). The results are listed in Table 2 and summarized
below.
1. Due to the particular amino acid composition of H2A.B,
the calculated matching point of the H2A.B nucleosomeA
C
B
FIGURE 4 (A) Zero-angle scattering intensities as a function of D2O concen
variant H2A.B nucleosomes, respectively. Straight lines represent the results of t
the matching points where the average SLDs of the nucleosomes become equal
reflects the difference in the volumes of the nucleosomes (see text for details).
depict Rg values of the canonical H2A and variant H2A.B nucleosomes, respect
the nucleosomes (R2g versusDr
1). Blue and red circles depict R2g s of the canonic
the results of the least-squares fitting with Eq. 5. y-Intercepts (labeled arrows) rep
color, go online.(50.7%) is slightly higher than that of the canonical H2A
nucleosome (50.1%).
2. Due to the shorter polypeptide length of H2A.B, the
calculated volume of the H2A.B nucleosome (222 
103 A˚3) is smaller than that of the canonical H2A nucle-
osome (230  103 A˚3).
3. Features 1 and 2 are well reproduced in the experimental
results, the ratios between the two nucleosomes, and the
absolute values. In particular, the experimental matching
point and the volume of the canonical H2A nucleosome
are in good agreement with the calculated values.
These results strongly confirm the reliability of this
CV-SANS experiment.tration. Blue and red circles denote I(0) values of the canonical H2A and
he least-squares fitting with Eq. 4. x-Intercepts (arrow with label) represent
to that of the water solvent. The difference in the slopes of the straight lines
(B) Gyration radii as a function of D2O concentration. Blue and red circles
ively. The straight lines are guides for visualization. (C) Stuhrmann plots of
al H2A and variantH2A.B nucleosomes, respectively. Curved lines represent
resent the square of the geometrical gyration radius, R2c . To see this figure in
Biophysical Journal 106(10) 2206–2213
TABLE 2 Matching points and volumes of nucleosomes
Matching (%) Volume (103 A˚3)
Exp Calc Exp Calc
H2A 50.35 0.2 50.1 2315 0.5 230
H2A.B 51.15 1.4 50.7 2145 3.6 222
Exp, Experimental; Calc, Calculated.
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Fig. 4 B shows the gyration radius as a function of the D2O
concentration in the solvent. The gyration radii of both
nucleosomes were the largest in the 40% D2O solution
and the smallest in the 65% D2O solution. This clearly indi-
cated that only the outer DNAs were observed in the 40%
D2O solution and only the inner histone cores were observed
in the 65% D2O solution, as we expected.
To examine the structures of the nucleosomes in more
detail, we analyzed the relationship between the square of
the observed gyration radius, R2g, and the scattering contrast,
Dr. Following the formalization developed by Stuhrmann,
R2g is expressed as a function of 1=Dr (38,39),
R2g ¼ R2c þ
a
Dr
 b
Dr2
(5)
2 1
Z
2 3Rc ¼ V
V
r d r (6)
a ¼ 1
Z
rsðrÞr2d3r (7)V
V
b ¼ 1
Z Z
rsðrÞrsðr0Þr$r0d3rd3r0 (8)V2
V
rsðrÞ ¼ rðrÞ  rsolute; (9)where r is the position from the center of the SLD distribu-
tion, and r(r) and rs(r) are the SLD distribution and its fluc-
tuation in the solute, respectively.
Fig. 4 C displays the Stuhrmann plots (R2g versus Dr
1) of
both nucleosomes. The curves in the figure show the results
of the least-squares fitting with Eq. 5, and the obtained
parameters (Rc, a, and b) and their values are indicated in
Table 3. Here, it is noteworthy that Rg observed by SAS is
the second moment of the distribution of scattering contrast,TABLE 3 Observed Stuhrmann parameters
Nucleosome Rc (A˚) a (fm/A˚) b (fm
2/A˚4)
H2A 41.05 0.4 34.15 2.6 1.735 0.31
H2A.B 43.65 1.0 59.65 7.1 2.165 0.96
Biophysical Journal 106(10) 2206–2213but it does not completely correspond to the geometrical
size of the solute. For example, there could be two spheres
with the same core shell structures but different SLD distri-
butions. In the case of Sphere 1, with rcore > rshell, and
Sphere 2, with rcore < rshell, the gyration radius of Sphere
1 observed by SAS should be smaller than that of Sphere
2. In contrast, Rc in Eqs. 5 and 6, which is the gyration radius
at the infinite contrast (1=Dr ¼ 0), indicates the true
geometrical gyration radius. As shown in Fig. 4 C and indi-
cated in Table 3, Rc of the H2A.B nucleosome is larger than
that of the canonical H2A nucleosome, indicating that the
H2A.B nucleosome is geometrically larger than the canon-
ical H2A nucleosome, even though the molecular weight of
the H2A.B nucleosome is smaller than that of the canonical
H2A nucleosome. This discrepancy is due to the DNA
configuration, as described below.
The Stuhrmann parameters of a and b reflect an inner
structure of solute, as expressed in Eqs. 7 and 8. Our exper-
imental results of a > 0 mean that the domain with the
excess scattering contrast is distributed in the outer region.
This is consistent with the structure of a nucleosome, in
which the DNA, with the higher SLD, coils around the his-
tone core with the lower SLD. Here, we note three results.
1), The a of the H2A.B nucleosome (a ¼ 59.6) is larger
than that of the canonical H2A nucleosome (a ¼ 34.1);
2), the Rg of the H2A.B nucleosomal DNA is larger than
that of the canonical H2A nucleosome (see Rg values in
40% D2O solution (Table 1)); 3), in contrast, the Rg of the
H2A.B nucleosomal histones is almost the same as (slightly
smaller than) that of the canonical H2A nucleosome (see Rg
values in 65% D2O solution (Table 1)). Consistent with pre-
vious biochemical, AFM, and SAXS observations (8–10),
these results clearly indicate that the DNA of the H2A.B
nucleosome is more widely expanded than that of the canon-
ical H2A nucleosome.
The parameter b, which expresses the asymmetry of the
SLD distribution, also provides important structural infor-
mation. In the case of the symmetrically concentric SLD
distribution, b becomes zero. In other words, nonzero b
values arise when the centers of gravity of the histone
core and the DNA do not coincide. In fact, the observed b
values were nonzero in both nucleosomes, indicating that
the centers of gravity of DNA shift from that of the histone
core due to its asymmetric configuration in the nucleosome.
This is also reasonable, because the DNA is wrapped in 1.67
left-handed superhelical turns around a histone core in the
canonical H2A nucleosome. This means that the entry and
exit points of the DNA are in different positions. An inter-
esting feature is that the b value of the H2A.B nucleosome
is larger than that of the canonical H2A nucleosome
(Table 3). This also means that the DNA configuration is
more asymmetric in the H2A.B nucleosome. A previous
SAXS study reported that the DNA in the H2A.B nucleo-
some is partially peeled off from the entry and/or exit sites.
The larger b of the H2A.B nucleosome supports the SAXS
Distinct Structural Features of H2A.B Nucleosomes 2211results well (10). The configurations supposed by the
Stuhrmann parameters are illustrated in Fig. S2.Structural modulation of the histone core
As mentioned above, the histone variant H2A.B induced a
change in the configuration of the DNA on the nucleosome.
This is considered to be very important, from the viewpoint
of nucleosome function. Therefore, the question of what
structural modulation occurs in the histone core due to the
introduction of H2A.B naturally arises. To answer this ques-
tion, we focused on the SANS data in 65% D2O in more
detail, since under these conditions, the histone core was
observed by itself.
First, we calculated the radius of gyration of the canonical
H2A nucleosomal histones based on the atomic coordinates
(PDB code 3LZ0). However, there are no crystallographic
data available for the H2A.B nucleosome. Accordingly,
we constructed its atomic coordinates by using those of
the H2A nucleosome (PDB code 3LZ0) as a template: the
corresponding sequences of H2A histones were exchanged
with the specific sequences of H2A.B histones using
PyMOL software. The calculated Rg values of the histones
with these atomic coordinates are almost the same, 26.8 A˚
and 26.0 A˚, for the canonical H2A and variant H2A.B nucle-
osomes, respectively. However, they are relatively smaller
than the experimental values in a 65% D2O solution,
32.9 A˚ and 31.1 A˚ for the canonical H2A and variant
H2A.B nucleosomes, respectively. This discrepancy arises
from the fact that the crystallographic data do not include
the mobile histone tails, and it also emphasizes the fact
that the histone tails should not be ignored. Fortunately, in
Xenopus laevis, the solved atomic coordinates of the nucle-
osome include the histone tails (PDB code 1KX5). There-
fore, we grafted the histone tails of 1KX5 to 3LZ0 and
also to the constructed model structure of the H2A.B nucle-
osome, and the sequences of the grafted histone tails were
then exchanged with the corresponding sequences of the
canonical H2A and H2A.B nucleosomes using PyMOL.
With these structures, we again calculated the Rg values.
This time, the calculated Rg values, 35.0 A˚ and 34.7 A˚,
were rather larger than the observed values. The difference
arises from the different configuration of the tails in the
crystal structure from that in aqueous solution. For example,
the tails of histone H3 are stretched toward the outside in the
template structure (PDB code 1KX5), because they are
connected to the neighboring nucleosomes in the crystal.
However, in aqueous solution, this connection should be
disrupted and the tail could be reattached to its own nucle-
osome, similar to the other histone tails. Indeed, in the
case of the histone core without H3 tails, Rg was calculated
to be 31.0 A˚, which is similar to the observed value.
The distance distribution P(r) derived from the SANS
data, I(q), at 65% D2O by Eq. 10 below is useful for exam-
ining in detail the configurations of the histone tails:PðrÞ ¼ 1
2p2
Z N
0
IðqÞðqrÞsinðqrÞdq: (10)
In the calculation of Eq. 10, we extrapolated the SANS data
in the lower q data using Guinier approximation and per-
formed the integral from 0 to qmax(0.5 A˚
1): considering
the statistics of the data, we did not use an intensity higher
than q > 0.5 A˚1. The cutoff over the qmax in the integral
superimposed the oscillation with the frequency, fcut >
2p/qmax, on the P(r). The oscillation with frequency, fcut
and higher, in the data can be removed using the digital
signal processing technique, the low-pass filter utilizing
fast Fourier transformation (40,41). However, the obtained
P(r) did not have a structure smaller than Dr(2p/qmax ¼
12.6 A˚). In addition, we estimated the errors in P(r) through
the propagation of the errors in I(q) in the numerical
integral.
Fig. 5 A shows the P(r) values of the canonical H2A
and variant H2A.B nucleosomes in 65% D2O, that is,
the P(r) values of their histones. Both P(r) values are clas-
sified into two regions: the broad single peak in 0 < r <
70 A˚, and the gently decreasing slope in r > 70 A˚. We
also calculated the P(r) values of histones with and
without tails using the crystallographic data from the his-
tone tail-grafted 3LZO, as shown in Fig. 5 B. The com-
parison revealed that the broad single peak mainly
corresponds to the distance distribution in the histone
core, whereas the gently decreasing slope corresponds to
that between the tails.
Revisiting Fig. 5 A, a comparison of the P(r) values in
r > 70 A˚ suggested that the tail configurations could be
different between the two nucleosomes. The longest
distances, Dmax values, which correspond to the distances
between the tails, are 128 5 9 A˚ and 110 5 8 A˚ for the
canonical H2A and H2A.B nucleosomes, respectively.
This indicated that the histone tails in the H2A.B nucleo-
some seem to be smaller compared to those in the canonical
H2A nucleosome. On the other hand, from the SAXS
experiments by which we observed the overall structures
of the nucleosomes, the Dmax values corresponding to
the longest distances between the DNAs are ~120 A˚
and ~200 A˚ for the canonical H2A and variant H2A.B
nucleosomes, respectively (10).
Based on these results, we propose the following config-
urations of the histone tails and DNA in solution. In the
canonical H2A nucleosome, the DNA is continuously
attached to the histone core from the entrance to the exit,
and the histone tails of the nucleosome are intertwined
with the DNA. Therefore, the two Dmax values (for DNAs
and histone tails) are almost the same, ~120 A˚. In contrast,
in the H2A.B nucleosome, both edges of the DNA protrude
from the histone core surface, thus generating longer Dmax
values of ~200 A˚ (10). However, the histone tails neither
protrude nor expand in the same manner as the DNA and
thus have the rather smaller Dmax value of 110 A˚. Instead,Biophysical Journal 106(10) 2206–2213
FIGURE 5 Distance distribution functions of histones in nucleosomes. (A) The distance distribution functions of the histones in the canonical H2A
nucleosomes (blue line) and the variant H2A.B nucleosomes (red line) from the SANS in 65% D2O. The longest distances, Dmax values, are 128 A˚ for
the canonical H2A nucleosome and 110 A˚ for the H2A.B nucleosome. Insets show structural models of the nucleosomes. (B) Calculated distribution func-
tions of the histones with (green) and without (cyan) the tails. The atomic coordinates of the model structure, which is the histone-tail-grafted canonical H2A
nucleosome, was used as the template (see text). The distance distribution function without histone tails shows a single broad peak, and that with histone tails
has an additional gently decreasing slope at r > 70 A˚, where Dmax ¼ 133 A˚. To see this figure in color, go online.
2212 Sugiyama et al.the histone tails may be reattached to the histone core itself
or to the DNAwrapped around the histone core, because the
Dmax value in the case of H2A.B is shorter than that of the
canonical H2A nucleosome (see Fig. 5 A, insets).CONCLUSION
We determined a histone structure in a nucleosome using
CV-SANS. In the nucleosomes, the histone octamer con-
taining H2A.B is smaller than that containing the canonical
H2A, probably as a consequence of the histone tails
binding to the histone core surface or to the DNA surround-
ing the core. In contrast, the overall radius of gyration of the
H2A.B nucleosome is markedly larger than that of the H2A
nucleosome, because the DNA is flexibly detached from the
histone core. These findings suggested that histone tails
could play an important role in the dynamics of DNA in
nucleosomes.SUPPORTING MATERIAL
Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(14)00390-7.
We thank the members of the histone group in the Kurumizaka laboratory
for their help with core histone preparations. and also thank the UK STFC
for beam time at the ISIS Facility, SANS2d beam line (proposal
RB1310235).
This work was supported by Grants-in-Aid for Scientific Research on
Innovative Areas (24113709 and 26116509 to M.Su., 26116519 to T.O.,
21113002 to M.Sa. and 25116002 to H.K.), a Grant-in-Aid for Scientific
Research (B) (24310068 to M.Su. and 25291037 to M.Sa.), and the
Platform for Drug Discovery, Informatics, and Structural Life Science
from MEXT, Japan.Biophysical Journal 106(10) 2206–2213REFERENCES
1. Luger, K., A. W. Ma¨der,., T. J. Richmond. 1997. Crystal structure of
the nucleosome core particle at 2.8 A˚ resolution. Nature. 389:251–260.
2. Kimura, H. 2005. Histone dynamics in living cells revealed by photo-
bleaching. DNA Repair (Amst.). 4:939–950.
3. Park, Y. J., and K. Luger. 2008. Histone chaperones in nucleosome
eviction and histone exchange. Curr. Opin. Struct. Biol. 18:282–289.
4. Das, C., J. K. Tyler, and M. E. A. Churchill. 2010. The histone shuffle:
histone chaperones in an energetic dance. Trends Biochem. Sci.
35:476–489.
5. Hondele, M., and A. G. Ladurner. 2011. The chaperone-histone part-
nership: for the greater good of histone traffic and chromatin plasticity.
Curr. Opin. Struct. Biol. 21:698–708.
6. Tachiwana, H., W. Kagawa,., H. Kurumizaka. 2010. Structural basis
of instability of the nucleosome containing a testis-specific histone
variant, human H3T. Proc. Natl. Acad. Sci. USA. 107:10454–10459.
7. Tachiwana, H., W. Kagawa,., H. Kurumizaka. 2011. Crystal structure
of the human centromeric nucleosome containing CENP-A. Nature.
476:232–235.
8. Bao, Y., K. Konesky,., K. Luger. 2004. Nucleosomes containing the
histone variant H2A.Bbd organize only 118 base pairs of DNA.
EMBO J. 23:3314–3324.
9. Doyen, C. M., F. Montel,., S. Dimitrov. 2006. Dissection of the un-
usual structural and functional properties of the variant H2A.Bbd
nucleosome. EMBO J. 25:4234–4244.
10. Arimura, Y., H. Kimura,., H. Kurumizaka. 2013. Structural basis of a
nucleosome containing histone H2A.B/H2A.Bbd that transiently asso-
ciates with reorganized chromatin. Sci. Rep. 3:3510.
11. Millar, C. B. 2013. Organizing the genome with H2A histone variants.
Biochem. J. 449:567–579.
12. Bo¨nisch, C., and S. B. Hake. 2012. Histone H2A variants in nucleo-
somes and chromatin: more or less stable? Nucleic Acids Res.
40:10719–10741.
13. Chadwick, B. P., and H. F. Willard. 2001. A novel chromatin protein,
distantly related to histone H2A, is largely excluded from the inactive
X chromosome. J. Cell Biol. 152:375–384.
Distinct Structural Features of H2A.B Nucleosomes 221314. Gonza´lez-Romero, R., J. Me´ndez,., J. M. Eirı´n-Lo´pez. 2008. Quickly
evolving histones, nucleosome stability and chromatin folding: all
about histone H2A.Bbd. Gene. 413:1–7.
15. Gautier, T., D. W. Abbott, ., S. Dimitrov. 2004. Histone variant
H2ABbd confers lower stability to the nucleosome. EMBO Rep.
5:715–720.
16. Ioudinkova, E. S., A. Barat,., S. V. Razin. 2012. Distinct distribution
of ectopically expressed histone variants H2A.Bbd and MacroH2A in
open and closed chromatin domains. PLoS ONE. 7:e47157.
17. Tolstorukov, M. Y., J. A. Goldman,., P. J. Park. 2012. Histone variant
H2A.Bbd is associated with active transcription and mRNA processing
in human cells. Mol. Cell. 47:596–607.
18. Putnam, C. D., M. Hammel, ., J. A. Tainer. 2007. X-ray solution
scattering (SAXS) combined with crystallography and computation:
defining accurate macromolecular structures, conformations and
assemblies in solution. Q. Rev. Biophys. 40:191–285.
19. Schmatz, W., T. Springer,., K. Ibel. 1974. Neutron small-angle scat-
tering: experimental techniques and applications. J. Appl. Crystallogr.
7:96–116.
20. Neylon, C. 2008. Small angle neutron and x-ray scattering in struc-
tural biology: recent examples from the literature. Eur. Biophys. J.
37:531–541.
21. Perkins, S. J., H. E. Gilbert,., T. H. Goodship. 2002. Solution struc-
tures of complement components by x-ray and neutron scattering and
analytical ultracentrifugation. Biochem. Soc. Trans. 30:996–1001.
22. Stuhrmann, H. B., A. Tardieu, ., A. M. Scanu. 1975. Neutron scat-
tering study of human serum low density lipoprotein. Proc. Natl.
Acad. Sci. USA. 72:2270–2273.
23. Engelman, D. M., and P. B. Moore. 1972. A new method for the deter-
mination of biological quarternary structure by neutron scattering.
Proc. Natl. Acad. Sci. USA. 69:1997–1999.
24. Sillers, I. Y., and P. B. Moore. 1981. Position of protein S1 in the 30 S
ribosomal subunit of Escherichia coli. J. Mol. Biol. 153:761–780.
25. Sugiyama, M., H. Sahashi,., K. Kato. 2013. Spatial arrangement and
functional role of a subunits of proteasome activator PA28 in hetero-
oligomeric form. Biochem. Biophys. Res. Commun. 432:141–145.
26. Sugiyama, M., E. Kurimoto,., K. Kato. 2011. Kinetic asymmetry of
subunit exchange of homooligomeric protein as revealed by deutera-
tion-assisted small-angle neutron scattering. Biophys. J. 101:2037–
2042.
27. Sugiyama, M., H. Yagi,., K. Kato. 2014. Conformational character-
ization of a protein complex involving intrinsically disordered proteinby small-angle neutron scattering using the inverse contrast matching
method: a case study of interaction between a-synuclein and PbaB
tetramer as a model chaperone. J. Appl. Crystallogr. 47:430–435.
28. Pardon, J. F., D. L. Worcester, ., B. M. Richards. 1975. Low-angle
neutron scattering from chromatin subunit particles. Nucleic Acids
Res. 2:2163–2176.
29. Suau, P., G. G. Kneale, ., E. M. Bradbury. 1977. A low resolution
model for the chromatin core particle by neutron scattering. Nucleic
Acids Res. 4:3769–3786.
30. Sibbet, G. J., B. G. Carpenter, ., J. P. Baldwin. 1983. Neutron-scat-
tering studies of accurately reconstituted nucleosome core particles
and the effect of ionic strength on core particle structure. Eur. J.
Biochem. 133:393–398.
31. Tanaka, Y., M. Tawaramoto-Sasanuma, ., S. Yokoyama. 2004.
Expression and purification of recombinant human histones. Methods.
33:3–11.
32. Dyer, P. N., R. S. Edayathumangalam,., K. Luger. 2004. Reconstitu-
tion of nucleosome core particles from recombinant histones and DNA.
Methods Enzymol. 375:23–44.
33. Lowary, P. T., and J. Widom. 1998. New DNA sequence rules for high
affinity binding to histone octamer and sequence-directed nucleosome
positioning. J. Mol. Biol. 276:19–42.
34. Hirai, M., N. Niimura,., Y. Ishikawa. 1988. Interparticle interactions
and structural changes of nucleosome core particles in low-salt solu-
tion. Biochemistry. 27:7924–7931.
35. Heenan, R. K., S. E. Rogers,., S. M. King. 2011. Small angle neutron
scattering using sans2d. Neutron News. 22:19–21.
36. Feigin, L. A., and D. I. Svergun. 1987. Structure Analysis by Small-
Angle X-ray and Neutron Scattering. Plenum Press, New York.
37. Jacrot, B., and G. Zaccai. 1981. Determination of molecular weight by
neutron scattering. Biopolymers. 20:2413–2426.
38. Stuhrmann, H. B. 1974. Neutron small-angle scattering of biological
macromolecules in solution. J. Appl. Crystallogr. 7:173–175.
39. Inoko, Y., M. Yamamoto,., T. Ueki. 1992. X-ray scattering study of
the shape of the DNA region in nucleosome core particle with synchro-
tron radiation. J. Biochem. 111:310–316.
40. Brigham, E. 1988. Fast Fourier Transform and Its Applications. Pren-
tice Hall, Upper Saddle River, NJ.
41. Brault, J. W., and O. R. White. 1971. The analysis and restoration of
astronomical data via the fast Fourier transform. Astron. Astrophys.
13:169–189.Biophysical Journal 106(10) 2206–2213
